apo-CaM bound to NR1 C0. In vitro interaction assays showed that apo-CaM also binds specifically to full length NR1 solubilized from rat brain and to the complete C-terminus of the NR1 splice form that contains the C0 plus C2' domain. The Ca 2+ -independent interaction of CaM was also observed with the isolated C-but not N-terminal fragment of calmodulin in the independent spectroscopic assays. Fluorescence polarization studies indicated that apo-CaM associated via its C-terminal domain with NR1 C0 in an extended conformation and collapsed to adopt a more compact conformation of faster rotational mobility in its complex with NR1 C0 upon addition of Ca 2+ . Our results indicate that apo-CaM is associated with NR1 and that the complex of CaM bound to NR1 C0 undergoes a dramatic conformational change when Ca 2+ binds to CaM.
Introduction
Glutamate is the prevailing excitatory neurotransmitter in the mammalian brain. The ionotropic N-methyl-D-aspartate (NMDA)-type glutamate receptor is a major source of Ca 2+ influx into neurons in the central nervous system. NMDA receptors in the cerebral cortex largely consist of two NR1 and two or three NR2A and 2B subunits, which are homologous to each other (1) (2) (3) (4) . Each subunit has an extracellular N-terminus, four membrane regions (M1-4), and an intracellular C-terminus. M1, M3, and M4 are transmembrane regions but M2 loops into and back out of the plasma membrane at its cytoplasmic face. The C-terminal domain of NR1 contains the 30 residue-long membrane-proximal C0 region common to all NR1 isoforms, followed in some NR1 isoforms by the C1 region (37 residues), which can be spliced in or out, and by either the C2 (38 residues) or the C2' (22 residues) region, which is downstream of C2 in the genome. The C2 region can be spliced out but, when present, C2' will not be translated because C2 carries its own stop codon.
In a negative feedback loop calmodulin (CaM) inhibits Ca 2+ influx through the NMDA receptor by strongly binding to the NR1 C0 region in the presence of Ca 2+ (5, 6) . The same region interacts with a-actinin, which can be displaced by Ca 4 -CaM (7, 8) . Displacement of aactinin appears to reduce NMDA receptor activity by increasing desensitization, i.e., closing of the receptor pore while the agonist is still present (9) . The Ca 2+ 4 -CaM-mediated negative feedback mechanism may help to reduce the otherwise uncontrolled Ca 2+ influx through the NMDA receptor during ischemia as occurs during stroke and other pathological conditions (10, 11) . Ischemia triggers a massive release of glutamate from neurons, which results in overactivation of NMDA receptors. The ensuing unchecked Ca 2+ influx ultimately leads to neuronal dysfunction and death.
CaM constitutes the major Ca 2+ sensor in eukaryotes and is ubiquitously expressed. It spans 148 residues and consists of an N-and a C-terminal domain, each containing two EF-hand Ca and man. Ca 2+ binds cooperatively, with sites III and IV in the C-domain usually having a 10-fold higher affinity than sites I and II in the N-domain. Ca 2+ binding induces rearrangement of the tertiary structure of each domain, stabilizing the exposure of hydrophobic clefts. These surfaces promote the association of CaM with a wide array of target proteins including kinases, phosphatases, ion channels, esterases, and metabolic enzymes (12) (13) (14) .
Early genetic studies of avoidance reactions of Paramecium lead to the realization that (a)
CaM was a subunit of two classes of ion channels in that organisms and (b) the two domains of CaM had separable roles in regulating ion channels (15, 16) . Out of more than a dozen mutants, those that disrupted Ca 2+ -dependent K + -channel regulation in Paramecium and caused an exaggerated response to a chemical stimulus all mapped to the C-domain: either within sites III and IV (e.g., S101F, H135R) or to the terminal helix in that domain (e.g., M145V). In contrast, regulatory mutations that hindered Ca 2+ -dependent Na + -channel regulation, causing an abbreviated response to negative stimuli, mapped to positions in the N-domain of CaM, primarily between sites I and II (e.g., G40E, E54K) (15, 16) . The effects of the mutations on Ca 2+ binding were different: mutations in sites III and IV diminished Ca 2+ binding while all other mutations had little effect (17, 18) . Because all of the N-domain mutants exhibited Ca 2+ binding affinities similar to those of wild-type, it appeared that the physiological defects caused by these mutations were likely to be related to target binding properties (17, 18) . Studies of these mutants binding to a helical peptide showed that all of the mutants could bind under apo (Ca 2+ -depleted)
conditions and also suggested that CaM may engage in a stepwise Ca 2+ -dependent association of its domains with a target (19) . Such a mechanism contradicted the long held view of CaM as an "all-or-none" regulator of target proteins, "on" in the presence of Ca 2+ and "off" in its absence.
In fact, it is now known that CaM interactions vary greatly between its many targets ( Fig. 1 ) (12, 14) .
Pre-association of apo-CaM with various ion channels that are controlled by Ca 2+ 4 -CaM is critical for a swift and potent response (e.g., (13, (20) (21) (22) (23) (24) (25) (26) ). An initial study by Ehlers et al. suggested that the interaction of CaM with NR1 C0 only occurs in the presence of Ca 2+ (5) raising the possibility that the NMDA receptor may be an exception to this rule. Such an exception would be critical because it would question the general relevance of pre-association of spectroscopy provided strong evidence for association of CaM with NR1C0p not only in the presence of Ca 2+ but also under apo conditions. Apo-CaM also bound specifically to the full length NR1 subunit isolated from rat brain and to a GST fusion protein of the C-terminus of the C0-C2' splice form of NR1 when a fast washing protocol was used. Experiments with isolated domain fragments of CaM further indicated that the C-but not the N-domain of CaM selectively interacts with NR1C0p under apo conditions. Fluorescence anisotropy of NR1C0p in the presence of saturating concentrations of apo-CaM is larger than in the presence of Ca 2+ 4 -CaM demonstrating that the rotational mobility of NR1C0p is lower when bound to apo-CaM than to Ca 2+ 4 -CaM. These results suggest that apo-CaM is pre-associated with NR1 C0 via its C-domain and that Ca 2+ induces the bind of the N-domain to NR1 C0. The latter interaction results in a CaM-NR1C0p complex that is more compact than the apo-CaM-containing complex.
Apo-Calmodulin binds NMDA Receptor, Akyol et al. NR1C0p corresponded to residues 838-865 of NR1, containing a single tryptophan residue at its position 21. A biotinylated form of a peptide with a nearly identical sequence (biotin-NR1C0p:
biotin-RHKDARRKQMQLAFAAVNVWRKNLQ) was obtained from the same source.
Recombinant rat calmodulin (CaM ) and N-and C-domain fragments (CaM and CaM 76-148 , respectively) were overexpressed in E. coli using the pT7-7 vector in Lys-S cells (U.S.
Biochemicals, Cleveland, OH) (27) . Purification was performed on Phenyl-Sepharose CL-4B
(Pharmacia, Piscataway, NJ) (28) . Recombinant proteins were characterized by reversed-phase high-performance liquid chromatography and by SDS-polyacrylamide gel electrophoresis followed by silver-staining (29) . CaM samples were depleted of Ca 2+ by successive dialyses at 4 o C against 50 mM HEPES, 100 mM KCl, 1 mM MgCl 2 , 0.5 mM NTA with 5 mM EGTA and then against the same buffer containing only 0.05 mM EGTA.
Fluorescence emission wavelength scans
Fluorescence emission studies were performed with an SLM-4800 spectrofluorimeter (SLM, Urbana, IL) with a Xenon short arc lamp (Ushio, Inc.), using 8 nm bandpasses with NR1C0p (30) . The abscissa in Fig. 6 are shown on a log scale. To indicate the value of anisotropy in the absence of apo-CaM (i.e., at 0 M), the abscissa value was chosen arbitrarily to be 5x10 -8 M; fitting was done using the actual value.
For the second phase of these experiments (right panels in Fig. 6 
Pull-down of CaM with purified NR1 and GST-C0-C2'
NR1 and the AMPA-type glutamate receptor subunit GluR1 were solubilized from crude rat forebrain membrane fractions and immunoisolated as described (31, 32) . Briefly, membrane fractions were treated with 1% SDS at 60°C for 30 minutes. This procedure efficiently extracts GluR1 and NR1 from the membranes and dissociates NR1 from NR2 subunits and GluR1 from the other AMPA receptor subunits (i.e., GluR2 and GluR3; (31) (32) (33) GST and a GST fusion protein containing the carboxy-terminal C0 and C2' regions of NR1 were expressed in E. coli, extracted and immobilized on glutathione-Sepharose as described (8, 32, 33) . The samples were washed three times with HEPES buffer, incubated with 0.1-50 mM purified CaM (Sigma) in HEPES buffer ±10 mM CaCl 2 for 2 hr at 4°C, and washed two times as quickly as possible (1.5-2 min total time) with HEPES buffer containing 0.1% Triton X-100 and also CaCl 2 if the latter was present during the incubation with CaM. SDS-PAGE and immunoblotting was performed as described above. Quantification of the CaM immunosignals was conducted by determining the mean density as measured by Adobe Photoshop after digitizing exposed films with a UMAX UTA1100 scanner.
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Results
CaM regulates the activity of a variety of ion channels including voltage gated K + channels (20) , Ca 2+ channels (21) (22) (23) 25) , and glutamate-gated NMDA receptors (5). In the presence of Ca 2+ , CaM inhibits NMDA receptor activity via its interaction with the C0 region in the cytosolic C-terminus of the NR1 subunit (5,6). The previous biochemical characterization of the CaM-NMDA receptor interaction suggested that CaM binding to the NR1 C0 region strictly requires Ca 2+ (5). This conclusion relied on pull-down experiments, in which an interaction that is specific but has a fast off-rate would be lost. Because apo-CaM is associated with other ion channels for fast and efficient signaling, we investigated with complementary spectroscopic methods and pull-down assays whether CaM may be able to interact in a similar Ca 2+ -independent manner with NR1 C0. alone had an ellipticity reading close to zero, reflecting that NR1C0p had no detectable persistent secondary structure by itself (Fig. 4 , black traces). In contrast, CaM possesses a high degree of ellipticity under both conditions reflecting the primarily a-helical structure of CaM (see Fig. 1 ).
As expected for CaM (34), Ca 2+ binding induces an increase in ordered secondary structure in CaM (compare Fig. 4A and B, green solid traces reflecting spectra of CaM before addition of NR1C0p). Under apo conditions, the addition of NR1C0p (final concentration of 10.24 µM) to 6
µM CaM 1-148 lowered q 222 by 6.54 ± 2.4 % (Fig. 4A , compare the solid with the dashed green trace). In the presence of Ca 2+ , the decrease in q 222 was greater than 10.69 ± 2.40 % (Fig. 4B, green). The change in ellipticity upon NR1C0p addition reflects an increase in ordered secondary structure of the solutes. This change cannot be assigned to individual components (i.e., NR1C0p may adopt an a-helical conformation upon binding to CaM and/or the secondary structure of CaM may change upon peptide binding). However, the decrease in q 222 confirms a direct interaction between NR1C0p and CaM under apo conditions. Comparable results were obtained when the biotin-NR1C0p instead of fluorescein-NR1C0p was used to study the interaction of CaM with NR1C0p by CD spectroscopy (data not shown).
We performed similar measurements with the isolated N-and C-domain fragments of CaM: (data not shown).
The CD spectra of biotin-NR1C0p alone and in the presence of increasing fractions of TFE, a helicogenic solvent, showed that the peptide underwent a progressive conformational change that was consistent with it adopting an a-helical structure (e.g., minima at 208 and 222 nm; Fig.   5 ). This finding is consistent with the change in ellipticity seen when NR1C0p was added to CaM and could be promoted by its conformational transition upon associating with CaM. Titration of NR1C0p with apo-CaM 76-148 also showed a saturation curve with a maximal increase in anisotropy of 46.5 % (Fig. 6C, left) . In contrast to the experiments with full length CaM, addition of Ca 2+ to the solution containing apo-CaM 76-148 and NR1C0p did not cause any further changes in anisotropy (Fig. 6C, right) . Titration of NR1C0p with apo-CaM 1-80 did not alter its anisotropy ( Binding of apo-CaM to full length NR1. To test whether apo-CaM can interact with full length NR1 expressed in brain, NR1 was solubilized from a crude rat brain membrane fraction with 1% SDS at 60 ˚C to dissociate NR1 from NR2 subunits. After immunoisolation, the resinbound NR1 was incubated with CaM with and without Ca 2+ added. After two subsequent quick washing steps CaM was detectable in the pellet not only under Ca 2+ -saturated but also Ca 2+ -depleted conditions (Fig. 7) . Neither Ca 2+ -CaM nor apo-CaM bound to the AMPA receptor subunit GluR1, which was extracted and immunoisolated from rat brain in parallel with NR1.
Binding of apo-CaM to the C-terminus of NR1.
To exclude that regions outside of the Cterminus of NR1 or the C-terminal C1 region of NR1 rather than the C0 region bind apo-CaM in full length NR1, we expressed the shortest naturally occurring splice form of the C-terminus of NR1 as GST fusion protein, which consists of C0 and C2'. Specific binding of Ca 2+ -CaM to GST-NR1C0-C2' was detectable at all concentrations of CaM tested and saturated around 2 mM (Fig. 8) . At the higher concentration range specific binding by apo-CaM was also observed.
Immunosignals were quantified after digitalization and non-specific bind, which was determined with GST alone (Fig. 8A, lower panels) , subtracted.
Apo-Calmodulin binds NMDA Receptor, Akyol et al. (Figs. 2-4, 6 ), each of which strongly argues that apo-CaM interacts with NR1C0p.
Our first approach took advantage of the single tryptophan at position 21 in NR1C0p but not apo-CaM 1-80 (Fig. 3) . Again, these changes indicate that the C-domain can bind to Because similar molar concentrations of CaM and CaM 76-148 were used for both experiments, these observations argue against the possibility that the increase in Trp21
Apo-Calmodulin binds NMDA Receptor, Akyol et al. Fig. 1) (12,14) . Regardless of the microscopic details of the structure, changes in ellipticity of the CaM solution upon addition of NR1C0p clearly demonstrate that CaM 1-148 and NR1C0p interact not only under Ca 2+ -saturated but also under Ca 2+ -depleted (apo) conditions.
The same observations and considerations hold true for CaM 76-148 ; however, experiments with CaM 1-80 revealed a change in ellipticity only in the presence (Fig. 4B, D) but not in the absence of Ca 2+ (Fig. 4A, C conditions. Therefore, the observation that several spectroscopic effects are stronger for apo-CaM 1-148 than for apo-CaM 76-148 is interpreted to mean that the presence of the N-domain in the full length CaM alters the conformation of the C-domain within a CaM-NR1C0p structure, making it different from that of apo-CaM 76-148 bound to NR1C0p.
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In addition to the studies of peptides binding to CaM, we used full length NR1 isolated from brain and a GST fusion protein of the shortest splice variant of the C-terminus of NR1 for pulldown experiments of CaM. Specific binding was observed under Ca 2+ -saturated and Ca 2+ -depleted conditions when a fast washing protocol was applied (Fig. 7, 8) . The contamination level of our "Ca 2+ free" buffer was 2.6 m M Ca 2+ as determined by atomic absorption spectroscopy; using the program for calculating the amount of free Ca 2+ in various buffers in IgorPro/PatcherPowertools we estimate a free Ca 2+ concentration of 2.2 nM in this buffer.
Because the detection limit for binding of Ca 2+ -saturated calmodulin to NR1 C0 is in the range of 100 nM (Fig. 8A , upper left panel), the bulk of calmodulin detected after pull-down experiments with either full length NR1 from rat brain (Fig. 7) or GST-NR1 C0 (Fig. 8) is apo-calmodulin.
From a physiological point of view the most critical question is not necessarily whether calmodulin can bind to the NMDA receptor in the total absence of Ca 2+ but whether it is preassociated with NR1 C0 under resting conditions inside the cell, i.e., at Ca 2+ concentrations in the range of 50 nM. Our data indicate that the NR1 C0 region can act as an attachment site for calmodulin at resting conditions.
Accurate determination of binding constants for CaM using the pull-down procedure is not possible because of the relatively fast off rates and therefore the inevitable loss of a large portion of CaM during the washing steps. This loss was much less dramatic under Ca 2+ -saturated conditions suggesting that apo-CaM has a much faster off rate than Ca 2+ -CaM. The observed binding of apo-CaM to NR1 extracted from brain and to GST-C0-C2' after a 1. (36)).
Physiologically the most important finding of this study is that apo-CaM has the potential to pre-associate with the NR1 subunit of the NMDA receptor. Analogous interactions of apo-CaM with various voltage-gated ion channels help to mediate their regulation by Ca Accordingly, NMDA receptor-associated CaM can be activated more quickly and effectively than free CaM or CaM bound to other proteins. In addition, apo-CaM associated with the NMDA receptor would be able to exert its effect on the receptor faster and more efficiently than
CaM that has to first diffuse and then bind to the receptor. Furthermore, the pre-association of CaM with the NMDA receptor may help to sharpen the specificity of signaling by Ca 2+ 4 -CaM for the same two reasons, i.e. because CaM that is associated with the NMDA receptor is more effectively activated upon Ca 2+ influx through the NMDA receptor than CaM bound to other proteins and because receptor-associated CaM is more likely to influence the activity of the NMDA receptor than diffuse to other proteins and regulate their activity.
Earlier results indicated that CaM reduces the NMDA receptor activity by displacing aactinin and thereby increasing its desensitization upon Ca 2+ influx (5) (6) (7) 9) . We recently demonstrated that a-actinin and CaM bind to the same segment of the NR1 C0 region (8) . In addition, CaMKII, another critical player in synaptic signaling, interacts with a segment in that region that overlaps with the a-actinin and CaM interaction site (8, 32) . Ca 2+ influx through the NMDA receptor and the resulting stimulation of CaMKII are critical events in synaptic plasticity and especially in a long-lasting change in the strength of synaptic signaling known as long-term potentiation (37) (38) (39) . Long-term potentiation is thought to underlie learning and memory and those brain functions critically depend on NMDA receptor activity and CaMKII as well. We are only beginning to understand the precise interplay of a-actinin, CaM, and CaMKII with the NMDA receptor but it appears likely that it may be critical in fine-tuning synaptic signaling and plasticity.
Excessive Ca 2+ influx through the NMDA receptor (10, 11) and subsequent overactivation of
CaMKII (40) have been implicated in neuronal damage during stroke. We do not know the effect of CaMKII binding to NR1 on the NMDA receptor activity, but the inhibitory effect of Ca CaM may adopt a compact structure when bound to a target protein (cf., Fig. 1, 2bbm .pdf (Ca 2+ 4 -CaM bound to MLCK) and analytical ultracentrifugation studies of a peptide bound to Ca 2+ 4 -CaM, (19) ). To the best of our knowledge we provide for the very first time evidence for Ca 2+ -induced compaction of a complex of apo-CaM 1-148 bound via its C-but not N-terminal domain to a physiologically relevant target when titrating Ca 2+ in (Fig. 6) . Augmented by studies of the individual domains, these findings reveal their different roles in associating with NR1 C0.
Preassociation of apo-CaM with ion channels via the C-domain has been studied at a biochemical level in only a couple of other cases, including SK channels (41) In conclusion, the studies in this work are the first to demonstrate apo-CaM binding to the NR1 C0 region and thereby to provide evidence for apo CaM -binding to a fast neurotransmitter receptor, the first to demonstrate separable roles for the domains of CaM binding to the NMDA receptor, and the first to show that Ca 2+ -binding changes the conformation of the C-domain from that assumed when it is pre-associated with the NR1 C0 region. 
